A relationship between the action of mercurial diuretics and acid-base metabolism has been established for many years. Diuresis may be augmented by the administration of acidifying salts such as ammonium chloride (1) , and may be decreased or even totally inhibited by alkalinizing agents (2, 3) . Although a variety of clinical and experimental studies suggest that the mercurials act by decreasing the tubular reabsorption of the chloride ion (37), it is not clear exactly why this action of the drug is so susceptible to changes in acid-base balance.
Recent reviews have emphasized the role of glomerular factors in determining the response to mercurials. Potentiation by ammonium chloride has been attributed to an increase in the filtered chloride load, rather than to changes in the pH of the serum or of the urine (3) . Conversely, it has been proposed that the refractoriness seen in metabolic alkalosis is due to a decrease in the amount of chloride filtered at the glomerulus (7). In addition, when the level of serum chloride is kept constant but the filtration rate is changed, the diuretic effect of the mercurials varies directly with the filtered chloride load (8) .
It had previously been postulated that the pH of the tubular urine, or of the surrounding cells, might directly modify the dissociation of the mercurial and hence determine the extent to which mercury became affixed to the tubule (9) . Although changes in the reactivity of the tubule to mercury have not been directly demonstrated, this possibility continues to be suggested by several observations which can not be explained solely by glomerular factors (i.e., the filtered chloride load). Hilton (10) showed that the potentiation by ammonium chloride persisted in long term experiments after the elevated level of chloride in the serum had returned to normal. Since filtration rates were not measured, an increase in the amount of chloride filtered could not be excluded. However, it is clear that potentiation was not due to hyperchloremia alone. More striking discrepancies between the chloride load and the effectiveness of mercurials have been observed during acute hypochloremia. The chloruretic action of mercury may be completely abolished by infusions of sodium bicarbonate (3, 11) but not by infusions of sodium nitrate (6) which produce a comparable depression of the serum chloride level.
The acute administration of either acidifying or alkalinizing salts changes the pH of the calculated intracellular space in the same direction as it does that of the plasma (12) . Presumably, the cells of the renal tubule respond in a similar manner. Thus, when large volumes of bicarbonate are infused, the resultant hypochloremia is accompanied by an increase in the pH of the extracellular fluid, of the tubular urine, and of the cells of the renal tubule. If the overall effect of the mercurials were dependent not only on the amount of chloride filtered but also on the pH of the tubules, these separate factors might not readily be dissociated by acute experiments with infusions of this type.
A possible method for elucidating the role of tubular pH was suggested by recent studies on the acid-base disturbance associated with potassium depletion. This is characterized by an extracellular alkalosis with hypochloremia, but the intracellular fluid becomes more acid. These changes have been demonstrated for skeletal muscle by several different techniques (13, 14) and for the renal epithelium both by indirect methods 155 in the intact animal (15, 16) and by direct tissue analysis under in vitro conditions (17) .
The present experiments were therefore undertaken to compare the effect of organic mercurial diuretics during acute metabolic alkalosis (extracellular and intracellular alkalosis) with their effect during potassium depletion (extracellular alkalosis and intracellular acidosis). The After the first period of potassium depletion dog B was placed on a stock diet for two months, and was then depleted again. In the second experiment, meralluride was given every two to three days while 1) on the synthetic diet with supplementary potassium, 2) on the same diet without potassium and 3) on the low potassium diet plus 20 mg. DCA per day. Electrolyte excretion was determined in daily specimens rather than for shorter collection periods.
The animals were kept in metabolism cages and the voided urine was collected daily. The volume, pH, specific gravity, and the concentrations of sodium, potassium, and chloride in the urine were determined each day. The feces were not measured. The daily balance was estimated as the difference between dietary intake (corrected for uneaten residues) and urinary excretion. Appropriate corrections were also made for the amount of electrolyte infused and excreted during the clearance studies. Water intake was not measured except during the period of potassium repletion when the KCI in the water was added to the calculated intake. No correction was made for the electrolytes removed in the blood samples. In calculating the cumulative balance, zero balance was assumed for the day on which the low potassium diet was started.
The electrolyte content of each diet was determined by analysis of nitric acid digests. The Renal clearances were performed with standard techniques using the exogenous creatinine clearance as a measure of the glomerular filtration rate. The animals were studied in the fasting state but had been allowed free access to water. After the priming infusion, onehalf hour was allowed for equilibration and then two control periods were taken. One ml. of meralluride (Mercuhydrin@, Lakeside Labs., Milwaukee; 39 mg. mercury per ml.) was injected intravenously during the course of five minutes. Observations were continued for five to six more clearance periods.
Blood was taken from the jugular vein in an heparinized oiled syringe. An aliquot was kept anaerobically under mineral oil for carbon dioxide determination; the blood was centrifuged promptly and the plasma separated. In experiments 5 and 6, urine was collected under oil without bladder irrigation, but in all other experiments the bladder was washed with 15 ml. distilled water at the end of each collection period. The failure to employ an anaerobic technique for the collection of urine introduced minor errors into the determination of carbon dioxide in the urine, but these were so small that this procedure was adopted since it assured more complete emptying of the bladder.
Plasma creatinine was determined on trichloracetic acid filtrates by the alkaline-picrate method; sodium and potassium by internal standard flame photometry; plasma carbon dioxide by the manometric method of Van Slyke; 8 8The plasma bicarbonate concentration was calculated from the total CO2 content assuming a constant pCO., except in the experiment in which plasma pH was directly determined. * Infusions contained creatinine in addition to the components indicated and consisted of 600 and 425 ml. priming for experiments 2 and 6, and between 500 and 550 ml. priming for experiments 7-12; sustaining infusions were aboutconsistently acid (about pH 6). When the potassium deficit was corrected, even though the administration of DCA was continued, there was a significant reduction in daily urine volume with a rise in the specific gravity and pH of the urine. Although the findings suggest a direct effect of potassium on the capacity of the kidney to excrete a concentrated urine, further studies seem warranted to define more accurately the relative roles of electrolyte imbalance and steroid administration in the pathogenesis of this "diabetes-insipidus" syndrome (cf. 19, 20) .
The concentrations of electrolytes in the plasma changed in accordance with the pattern that has been previously described for chronic potassium depletion (21) . The plasma bicarbonate rose about 10 mEq. per L. and the chloride fell an equivalent amount. No consistent changes in the concentration of sodium were noted. The plasma potassium fell and remained in the region of 2 to 2.5 mEq. per L. In dog B at the height of potassium depletion (Exp. No. 5), the venous blood pH was 7.47 and the pC02 was within normal limits. This is in agreement with the extensive studies of Roberts, Randall, Sanders, and Hood (16) who found no change in pC02 during hypokalemic alkalosis. When the potassium intake was increased, the serum concentrations of bicarbonate, chloride and potassium were quickly restored towards normal.
Although the cumulative balance data (Table I ) clearly demonstrate the development of negative potassium and positive sodium balances, it is probable that the values are subject to systematic errors. The careful studies of Howell and Davis (22) showed that large amounts of potassium were excreted in the feces of the dog given DCA; there was a significant fecal loss of sodium but this was less influenced by the steroid. In the present studies, fecal losses were not measured, nor was the nitrogen balance determined. These factors, combined with the inevitable losses in the metabolism cage, would indicate that the cumulative balances reported here are falsely high in a positive direction. However, it is probably of significance that the positive sodium balance was consistently much greater than the chloride balance. This suggests the migration of sodium to an intracellular site in exchange for potassium but further documentation by detailed calculations is not warranted by the present data. However, such intracellular changes have been demonstrated by tissue analyses in the dog after the production of an extracellular alkalosis by an experimental regimen similar to that employed here (23).
Effect of meralluride
During each clearance experiment, dog B received only small infusions of creatinine except when acute alkalosis was produced by the intravenous administration of large volumes of 0.15 N NaHCO3. Since this introduced a possibly undesirable variation in technique, the clearance studies on the second dog (W) were all carried out with infusions of similar volume but of different composition. The response to the mercurial was qualitatively the same in both dogs; the greater chloruretic effect in dog W is perhaps related to the increase in extracellular fluid volume which resulted from the infusion (cf. 24).
The effect of alterations in acid-base metabolism on the response to meralluride was the same in both dogs. When an acute alkalosis was produced during the period of the normal diet, the animal became refractory to the mercurial. In contrast, a prompt diuresis of sodium, chloride and water was obtained when meralluride was administered during chronic hypokalemic alkalosis. 4 In the two courses of potassium depletion in dog B and in the single one in dog W, there was a significant chloruresis each of the eight times that meralluride was given after the animals had become alkalotic, i.e., when the plasma bicarbonate was higher than 30 mEq. per L. and the plasma chloride less than 105 mEq. per L. The data of Figures 1 and 2 suggest that, despite the hypochloremia, the diuretic effect of the mercurial was greater and appeared sooner during the stage of potassium depletion than on the control diet. After the po- 4 It is recognized that the term hypokalemic alkalosis is somewhat of a misnomer since it defines the disturbance in acid-base metabolism in terms of the plasma level of potassium. Many studies have shown that the persistent extracellular alkalosis is primarily the result of the intracellular potassium deficit. In the present experiments, during the acute alkalosis resulting from sodium bicarbonate infusions, there was a fall in plasma potassium to about the same levels as seen during chronic potassium depletion. These experiments illustrate the failure of the plasma potassium level to serve as an accurate index of the intracellular balance. Table I. tassium balance had been restored towards normal and while the administration of DCA was continued, the production of an acute alkalosis was again associated with refractoriness to the mercurial, cf. Exps. 6 and 11 of Tables II and III.5 This indicates that the steroid was not directly responsible for the effectiveness of the mercurial during the period of potassium depletion.
The experiments were designed in an attempt to achieve the same levels of plasma bicarbonate and chloride during acute alkalosis as were obtained during the period of alkalosis due to potassium depletion. As indicated in the tables, the plasma levels were similar under these two conditions, and the marked difference in the chloruretic response cannot be attributed to minor differences in plasma electrolyte concentrations. Indeed, the 5 During acute alkalosis, an increased rate of chloride excretion was noted before the mercury was administered.
These changes are similar to those previously described for experiments employing large infusions of sodium bicarbonate (25) . maximal chloruresis was obtained with the lowest plasma chloride (Exp. No. 10). Similarly, there were only minor fluctuations in the glomerular filtration rate and they bore no relationship to the effectiveness of the diuretic. A possible exception to this is seen in Experiment No. 9, in which the mercurial was given after an acute alkalosis had been superimposed on the alkalosis due to potassium depletion. There was no chloruresis, and this might be attributed either to the lowered filtration rate or to the acute alkalosis per se. In experiment No. 10, the filtration rate fell immediately after the period of peak urine flow (cf. Table III ). This probably represents a hemodynamic response to the sudden dehydration caused by the exceptionally large diuresis.
The results of the second experiment on dog B are given in Figure 3 and demonstrate the persistent chloruretic effect of meralluride during the hypochloremia of potassium depletion. Although a transient period of refractoriness may be sug-
FIG. 2. EFFECT OF MERALLURIDE ON CHLORIDE EXCRE-
TION-DOG W While the present studies emphasize tubular possible that an early chloru-factors, they in no way rule out the possibility y a compensatory conservation that, under many conditions, the filtered chloride the latter part of the 24-hour load may be the major determinant of mercurial !{ercury increased chloride ex-action. Since these agents act by decreasing the start of the study when dietary reabsorption of the filtered chloride, it is not sur-, than towards the end, when prising that their overall effect may be determined [. At this time the animal lost by both glomerular and tubular factors. f sodium and chloride during It has previously been reported that the adicant decrease in the volume of ministration of either DCA (27) or adrenocortimnd the rate of glomerular fil-cotrophic hormone (28) decreased the diuretic effect of mercurials. However, a subsequent report by Farah (29) failed to demonstrate any antagonism between DCA and mersalyl. In the present studies DCA had no apparent effect on the action of meralluride. The same degree of chloruresis was noted both before and after the administration of the steroid (cf. Exps. 8 and 12). Conversely, DCA did not modify the refractoriness produced by acute metabolic alkalosis.
Many clinical reports have documented the refractoriness to mercurials which appears during alkalosis and which is corrected by the administration of ammonium chloride. However, a survey of the literature has revealed the report of only one patient in whom mercurials retained their effectiveness during severe extracellular alkalosis. Patient S. S. of Schwartz and Wallace (4) responded to meralluride when the serum bicarbonate had risen to 44 mEq. per L. and chloride fallen to 82 mEq. per L. Although the patient was in negative potassium balance, the authors were unable to implicate this as a factor, since other subjects in their series with comparable potassium deficits did become refractory when they developed mild hypochloremia. Further studies are needed before the role of tubular acidosis can be accurately evaluated as a factor in determining the response of patients to mercurial diuretics.
SUMMARY
The diuretic response to organic mercurials was determined in the dog during acute metabolic alkalosis and during chronic alkalosis due to potassium depletion. Acute alkalosis was produced by sodium bicarbonate infusions and was associated with refractoriness to mercurials. When extracellular alkalosis of a similar degree was produced by potassium depletion, the diuretic response to the mercurials was either normal or possibly increased. The results indicate that factors other than the filtered chloride load determine the effectiveness of mercurial diuretics. Since extracellular alkalosis of potassium depletion is accompanied by an intracellular acidosis, it is postulated that increased acidity of the cells of the renal tubule facilitates the interaction between mercurials and cellular components of the electrolyte transport mechanism.
